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Data Analysis and Model Comparison
for Solar Array Module Plasma Interactions Experiment
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Analysis of the Solar Array Module Plasma Interactions Experiment flight data from STS-62 was conducted to
examine the relationships between the arc rate and the various solar-cell properties, environmental variables, and
solar-cell parameters. The data indicate the existence of a critical ion flux, a critical neutral density, a threshold
voltage for arcing to occur, and scaling of the arc rate with work function.

Nomenclature
A = Fowler-Nordheim coefficient,

1.54 x 1(T6 x 104-52<^1/2/0«, A/V2

B = Fowler-Nordheim coefficient, 6.53 x 1090,|;5 V/m
Qieie = capacitance of dielectric, F/m2

Qront = capacitance of cover-glass front surface, F
d = thickness of dielectric, d\ + d2, m
d\ - thickness of cover glass, m
d2 = thickness of adhesive, m
dgap = gap distance between cathode and anode, m
df = distance of electron first impact point from triple

junction, m
Ee = electric field at emission site, V/m
EJ = electron incident energy on dielectric plate, eV
£max = electron incident energy for maximum

secondary-electron yield, eV
ETJ = electric field at triple junction, V/m
me = electron mass, kg
mi = ion mass, kg
ne = plasma number density, m~3

R = arc rate, s.~1

SFN = emission-site area determined from Fowler-Nordheim
plot, m2

Sreai = emission-site area determined by allowing for electron
space-charge effects, m2

7} = ion temperature, eV
yarc = voltage at which last arc occurred, V
Vb = bias voltage of interconnector (conductor), V
Ve = voltage that minimizes arcing time, V
Vi = initial voltage before solar-cell charging, V
Dion = mean speed of ions entering sheath, m/s
y = distance of emission site from the triple junction, m
P = field enhancement factor
A Q - charge lost from one cover glass by one discharge, C
QI = relative dielectric constant of cover glass
€d2 = relative dielectric constant of adhesive
(f)w = work function, eV
Yee = secondary-electron yield
Xmax = maximum secondary-electron yield at normal incidence
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77 = factor allowing for difference in electric field at
emission site and triple junction

Tarc = time between arcs, s
refee = enhanced-field electron emission charging time, s
rion = ion charging time, s
rexp = experiment time, s
£ = factor allowing for difference of dielectric constants

between cover glass and adhesive

Introduction

H IGH-VOLTAGE solar arrays have been observed to interact
with the plasma environment of low Earth orbit (LEO) in two

distinct manners. For positive voltage biases the current collection
can be anomalously large, possibly leading to surface damage. For
negative biases below a voltage threshold, approximately —200 V,
arc discharges can occur. Experimentally, an arc discharge on a solar
cell has been defined as a sudden current pulse up to the order of
one ampere and lasting a few microseconds or less. Arcing can
cause electromagnetic interference with instruments and damage
to the solar cells.1 Thus, there is a design tradeoff between high
voltages and damage from arcing unless solar cells can be designed
to mitigate or even eliminate arcing.

Conventional cells have the metallic interconnector between cells
exposed to space. These cells arc both on the interconnector and on
the cell edges.2

To eliminate the interaction between the conducting surfaces and
the ambient plasma, these surfaces may be covered with an insu-
lator. This isolation of conducting surfaces from the space plasma
is the principle behind the design of a new type of solar cell, the
wrapthrough-contact (WTC) solar cell, developed by NASA for the
Space Station (SS).3 The interconnectors of these cells are no longer
exposed to the plasma, but instead pass underneath the substrate and
connect to the middle of adjacent cells under the cover glasses. How-
ever, in this new design, the semiconductor is still exposed to space
along the edge of the cell.

Arcing on high-voltage solar arrays has been observed in both
ground and space experiments. The first observation of arcing on
solar cells in a plasma chamber was made by Herron et al.4 in
1971. The solar cells were biased between ±16 kV, and arcing was
observed at bias voltages as low as —6 kV with a plasma density
of 108 m~3. The occurrence of arcs in space was verified by the
first plasma interactive experiment (FIX I) in 1978. FIX I, flown
as an auxiliary pay load on Landsat 3's Delta rocket, obtained data
for a period of 4 h in a 920-km polar orbit. During this period, a
solar array consisting of twenty-four 2 x 2 cm conventional silicon
solar cells was biased to ±1000 V. Arcing was observed at voltages
greater than -750 V.
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A more extensive experiment was conducted by FIX II in 1983.
A more sophisticated version of FIX I, FIX II, was also flown as
an auxiliary payload on a Delta launch vehicle into a 900-km polar
orbit. In this experiment the solar array consisted of 500 conven-
tional silicon cells, ag^ain biased to ±1000 V. Arcing was observed at
voltages as low as —255 V. A few problems were encountered when
interpreting the flight data. Unexpected tumbling of the spacecraft
placed the Langmuir probe in the spacecraft wake, making its read-
ings unreliable. Furthermore, if an arc occurred at high voltage, the
power supply was often shut down for the rest of the data-taking cy-
cle. The data from the FIX II flight and ground tests were studied by
Ferguson,5 who concluded that the arc rate R was directly propor-
tional to the plasma density and varied as a power of the bias voltage.

The arcing onset mechanism proposed by Hastings et al.6~8 mod-
eled the arc initiation process at the triple junction, the point where
the dielectric, conductor, and plasma meet.

In this paper we analyze the data from a recent flight experiment
designed to study the interaction of high-voltage solar arrays with the
plasma environment. In this experiment, different solar cells, space
materials, and arc mitigation strategies were tested. This experi-
ment was the Solar Array Module Plasma Interactions Experiment
(SAMPIE).

SAMPIE Description
The SAMPIE was designed to study the arcing behavior and cur-

rent collection characteristics of different solar cells and materials
likely to be exposed to the LEO environment in future missions.
Solar Array Module FIX was developed at the NASA Lewis Re-
search Center and sponsored by the NASA Office of Aeronautics
and Space Technology. The flight experiment was flown onboard
the Space Shuttle Columbia in the STS-62 mission launched on
March 4, 1994. The Orbiter was placed in a nearly circular orbit
with 38.92-deg inclination and 3 00-km altitude.

Diagnostic Instruments
The Hitchhiker-M carrier for the Shuttle payload bay was con-

figured for the OAST-2 mission, with the SAMPIE package on one
of the four top mounting positions. The plate containing the cells
to be biased was mounted on top of the metal box, whereas most
of the instruments and electrical subsystems were placed inside the
box. A pressure gauge was also included to measure the background
pressure. The gauge could measure ambient pressures from 10~7 to
10~3 torr. Two high-voltage power supplies (HVPS-1 and HVPS-2)
in the electronics box biased the specified cells to predetermined
dc voltages, ranging from +300 to —600 V, above that of the or-
biter. In addition, an electrometer in the HVPS-1 circuit measured
the currents collected, and a sun sensor located on the experiment
plate confirmed the attitude of the orbiter. Two additional electrical
probes were also part of the package: a Langmuir probe to mon-
itor the plasma density and temperature, and a V-body probe to
monitor the shuttle's potential with respect to the plasma. It was
estimated that SAMPIE would disturb the ionosphere within 1 m
in all directions,9 and consequently these probes were positioned
about 5 ft away from the box.

Individual Experiments
A layout of the experiment plate is shown in Fig. 1. In the ex-

periments, different technologies and arcing mitigation strategies
were tested. A detailed description of all the experiments is given
in Ref. 10. Among the cells tested was a coupon of four 8 x 8 cm
WTC cells to be used on the International SS Alpha, a coupon of
twelve 2 x 4 cm thin advanced photovoltaic solar array (APSA)
cells, and a coupon of four traditional 2 x 2 cm silicon solar cells
used to provide a baseline for comparison.

The SS cells were designed to operate in LEO at a nominal voltage
of —160 V. The cells are mounted on a flexible substrate, and the
intercell connections are made through copper traces imbedded in
the substrate and welded to the back of the solar cells. The cover
glass, semiconductor, and substrate of these cells were each 203
/xm (8 mils) thick, and there was only about a 0.81-mm separation
between adjacent cells. The semiconductor is silicon, the substrate
is Kapton®, and the cover glass is ceria-doped microsheet (CMX).

Fig. 1 SAMPIE plate.

The APS A cells, built by TRW, presented a thinner silicon-cell
design. Their reduced thickness, 63.5 /zm (2.5 mils), is expected to
yield mass savings in future space applications. The thicknesses of
the CMX coverglass and the Dow Corning adhesive DC-93500 are
51 /xm (2 mils) and 76 jian (3 mils), respectively. The interconnector
between these cells is silver-plated invar.

Lastly, the conventional silicon cell, representative of the cell
technology presently used in many U.S. Department of Defense,
NASA, and commercial spacecraft, was also tested. These cells
were manufactured by Spectrolab Inc. and incorporated into an ar-
ray by RCA in 1984. The thickness of the fused silica cover glass
and the DC-93500 adhesive are 153 and 37 /xm, respectively. The
interconnector between these cells is assumed to be Kovar®.

To test different arcing mitigation strategies, three coupons of
modified SS cells were tested/The size of these cells was reduced
from the standard 8 x 8 cm to 3.5 x 3.5 cm. In each of the coupons, a
different arc mitigation strategy was tested. In the first set (SSMIN-
3), the side of the cover glass overhangs the cell by 0,101.6,177.8,
and 279.4 ju,m (0, 4, 7, and 11 mils). In the second set (SSMIN-2),
all four cells were shorted together. The excess adhesive was re-
moved from the edges of the cells using a proprietary process de-
veloped by Physical Sciences Incorporated (PSI). In the third coupon
(SSMIN-1), the cells had their edges completely covered with the
cover-glass adhesive except for specified lengths, 0, 203.2, 406.4,
and 812.8 /xm (0, 8, 16, and 32 mils), which were exposed to the
plasma.

On the right-hand side of the experiment plate, there are five metal
samples, each made of a different pure metal: gold, silver, copper,
aluminum, and tungsten. On top of these l-in.-square samples are
eight Kapton strips placed 0.0625 in. apart. A picture of the metal
coupons in shown in Fig. 2. To provide a control, a second set of
metal samples with a 1-mm-diam rod suspended 1 mm above the
metal's surface was also tested. The distance above the metal was
chosen to obtain an average electric field close to the samples of the
first set, thus eliminating the dielectrics from the process. The second
set of tests isolate the metal's effect on the arcing process, whereas
the geometry of the first set resembles the geometries found in solar
cells. This metal-insulator geometry can be found in the triple junc-
tion of the conventional cells. The geometry of the Hastings-Cho
arcing model7 closely resembles that of these samples.

SAMPIE Operations
A low-voltage biasing sequence and different dwell times at

each voltage were used in the arcing experiments. Two different
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Table 1 SAMPIE cell data

Cell type Si SiWTC APSA Gold sample

Fig. 2 Metal-coupon geometry.

high-voltage biasing sequences were used. The cells assigned to the
HVPS-1 were biased to a maximum voltage of -600 V, and those
in the HVPS-2 to -500 V. The metal samples and the modified SS
cells treated by PSI were assigned to HVPS-2, and the rest of the
cells in the arcing experiments were assigned HVPS-1. Arcs were
detected by counting the number of spikes in the current flowing
through the solar-array circuit above a threshold value. The thresh-
old currents were set to 100 and 20mA for the HVPS-1 and HVPS-2,
respectively.

Each power supply biased a sample to a bias voltage given by the
biasing sequence chosen. When the high-voltage sequences were
executed, only one cell was biased at a time. The remaining samples
were held at the ground potential.

Predictions and Data Comparison
SAMPIE Data Acquisition

During the experiment, preliminary data were received by the
OAST-2 payload control center at the Goddard Space Flight Center.
After 37 h of scheduled data taking, an anomaly with the HVPS-1
circuit necessitated reconsideration of the experiment timeline, and
new instructions were transmitted to SAMPIE on orbit. A total of
62 h of current-collection and arcing data were obtained, stored
on board, and recovered after Columbia returned to Earth. A total
of 18 h and 46 min of arcing data were obtained in the bay-to-ram
orientation, and 24 h of data were obtained in the bay-to-deep-space
orientation.

During the experiment, the neutral pressure and orbiter potential
were continuously monitored. The V-body probe showed that the po-
tential of the Shuttle never differed from that of the ambient plasma
by more than ±3 V during the arcing experiments. Therefore, the
potentials of the cells with respect to the plasma environment are
accurately represented by the applied bias voltages.

Approximately every 3 min, the Langmuir probe performed a
plasma density and temperature sweep. Standard probe theory was
used to obtain these parameters from the raw sweeps. However, these
standard techniques did not yield the correct plasma parameters
expected from a moderate-sized probe in a flowing plasma facing the
ram direction. Both the plasma densities and the temperatures were
uniformly higher than expected. The reason for this is unknown.
However, in view of the uniformly higher results produced by the
onboard instrumentation, it was necessary to correct the results. This
was done by comparing the onboard data with ionosonde data taken
as the Shuttle passed over several ionosonde stations.

A comparison between ionosonde data during times and locations
coincident with the Shuttle orbit during the bay-to-ram data-taking
period and the International Reference Ionosphere (IRI-86) model
showed that the IRI model predictions are extremely good, espe-
cially in the daytime. Based on the IRI model, simple correction
factors could be applied to the standard probe-theory results to yield
accurate densities and temperatures. The corrections were the fol-
lowing: for plasma density, divide the experimental plasma densities
by a factor of 3.6. The simulations and data analysis of the arc rate
in the SAMPIE used the ambient plasma conditions obtained using
these corrections. It is believed that the plasma densities are correct
to within about 10% and the electron temperatures to within 0.03 eV.

The corrected plasma densities during a portion of the flight in
the bay-to-ram orientation are shown in Fig. 3. The plasma density

Manufacturer
Cell size, cm2

No. of cells
Cell gap, ̂ m
dceii, ^m
d\, Atm
d2, Aim
€dl
€d2
Ymaxl
/max 2
£maxl,eV
£max2, eV
0*,eV

RCA
2 x 4

4
500
203
153
37
3.5
2.7
3.46

3
330
300
4.76

NASA
8 x 8

4
1000
203
203
N/A

4
3
4
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400
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TRW
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56
51
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400
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Fig. 3 Plasma density measured by SAMPIE (corrected) in ram.

shows peaks and valleys about every 90 min, the period of the or-
bit. The peaks correspond to when the shuttle receives sunlight and
therefore measures the daytime plasma environments, and the val-
leys correspond to when the shuttle is in eclipse and the night-
time plasma parameters are measured. No corrected values of the
Langmuir-probe data were available for the bay-to-deep-space ori-
entation period. The plasma density used in that period for the sim-
ulations was inferred from the IRI-86 model.

The cell temperatures annotated during the preliminary teleme-
tering to the payload control center are also included. Some data
points were excluded for various reasons, such as anomalously high
arc counts or the concurrent operation of other experiments in the
Shuttle bay. In the bay-to-space data, an increase in arc rate and
neutral pressure was observed when gas was released during the
experimental investigation of shuttle glow experiment. Arc counts
above 1000 were considered anomalously high. When the anomaly
in the HVPS-1 circuit occurred, the number of arcs detected in-
creased from tens of arcs to counts ranging from 1000 to 3000.
Therefore, arc counts above 1000 were discarded. Because of the
anomaly in the HVPS-1, the arcing data obtained from the silicon,
APSA, and WTC cells are limited to a few experiments in the bay-
to-ram orientation. The metal coupons, however, were additionally
biased in the bay-to-deep-space orientation, providing valuable data.

SAMPIE Simulations
The predictive capability of the modified semianalytical code de-

scribed in the papers by Cho and Hastings7'8 was verified by gener-
ating arc rates for the conventional cells and metal samples biased
during the flight experiment. These arc rates were based on the ex-
perimental data obtained from the flight experiment and were then
compared with the experimental rates. The given and assumed prop-
erties for the conventional, the WTC, and a selected metal coupon
are summarized in Table 1. The geometry of the five metal coupons
with the Kapton strips closely resembles that of the proposed model.
The only property differing between the metal samples is the work
function of the conductor. The work function (/)w is a measure of
the ease with which electrons are released from the surface. The
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Table 2 Work functions of the
metal samples and oxides

Metal
Gold
Copper
Tungsten
Aluminum
Silver

Pure metal
5.1
4.65
4.55
4.28
4.26

Oxide
__
5.02
4.95
4.7
4.68
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Fig. 4 Experimental and simulated arc rates for the copper coupon.

given and assumed work functions for the metals and their oxides
are shown in Table 2 (Refs. 11 and 12).

Whenever possible, the environmental data measured by
SAMPIE were used in the simulations. Since the cell temperature
was not annotated for all the experiments, the range used was that
observed during the bay-to-ram portion of the experiment, —5 to
15°C. These temperatures provided a maximum and a minimum
arc-rate value for each run. Values for those environmental variables
not recorded during the flight experiment, such as ambient neutral
temperature, ion mass, and ion velocity in the ram orientation, were
generated using the Environmental Work Bench (EWB) package.
The variation of these parameters during an orbit was small, and
therefore average values for these variables were used. The simula-
tions also included the experimental current threshold: 100 mA for
the silicon and APSA cells and 20 mA for the metal coupons.

The dynamic range in plasma density and neutral density for the
cells and the metal coupons is very small. However, the range in
the ion velocity is large for the metal coupons. This is because the
coupons were biased in the bay-to-deep-space orientation, where
the ions no longer arrive at the front surface with orbital velocity,
but with the thermal velocity. A comparison between the arc rates
obtained by the simulations and the experimental values for the sil-
icon and APSA cells was made. In general, the experimental values
fall between the maximum and minimum simulated arc rates. For
the silicon cell at —600 V, the semianalytical code underpredicts
the arcing rates, but the simulated values are of the same order of
magnitude as the experimental values. A trend is seen in both the ex-
perimental and simulated data: the arcing activity greatly decreases
when the Shuttle is in the bay-to-deep-space orientation.

Similar comparisons were generated for each of the metal sam-
ples. A typical example is shown in Fig. 4. The model accurately
simulated the arcing activity of the copper coupon and the tungsten
coupon, but underpredicted that for the gold sample at the high volt-
ages. It is interesting to note how the maximum predicted arc rates
show the same trends seen in the actual data. In the next section, the
dependence of the arc rate on various parameters such as the work
function will be examined using the flight data from these metal
samples.

Data Analysis of SAMPIE Data
In this section, the dependence of the arc rate on several variables

suggested by the semianalytical model will be discussed. These

dependences will be then examined in the arcing data obtained from
the SAMPIE experiment.

Parameters Influencing Arcing
From the model proposed by Hastings et al.,6~8 it is possible to

identify operational parameters, environmental variables, and mate-
rial and geometric properties that will affect the arc rate. The arcing
onset mechanism is described by the following sequence:

1) Ambient ions, attracted by the negatively biased conductor,
charge the dielectric front surface (parallel to the conductor), but
leave the side surface effectively uncharged.

2) As the potential of the front surface approaches zero, a strong
electric field, given by E = Vb/d (where Vb is the bias voltage and
d the dielectric thickness), is set up between the triple junction and
the front surface.

3) This strong electric field, aided by field enhancement at sites
in the conductor surface, induces a prebreakdown enhanced-field
electron emission (EFEE) current showing the characteristic of the
Fowler-Nordheim emission current. In addition, electrons are re-
leased on account of the bombardment of the conductor surface by
the ambient ions.

4) Some of the emitted electrons strike the side surface of the di-
electric, causing the release of secondary electrons and the electron-
stimulated desorption of neutrals adsorbed on the dielectric surface.
If the secondary-electron yield is greater than unity and the electrons
have an escape path, the side surface charges up positively, provid-
ing a positive feedback mechanism to further enhance the electric
field at the conductor surface.

5) As the electric field increases, the electron emission current in-
creases until it is limited by the negative space charge of the emitted
electrons.

6) Once the neutral density becomes high enough, ionization be-
gins due to collisions between electrons and neutrals.

7) Even if the density is not high enough for Townsend breakdown
to occur, breakdown is still possible if the positive ion space charge
can cancel the negative electron space charge and enhance the field
at the conductor.

8) The arcing time is the minimum of the sum of the ion and
EFEE charging times for all the emission sites on the conductor.

9) A discharge wave created by the arc resets the charging process
at all of the emission sites within the area covered by the wave.

The dependence of the arc rate on the bias voltage, electron work
function of the interconnector material, dielectric thickness, front
surface area, overhang of the cover glass, ion flux, neutral flux, and
cell temperature will be examined. In general, the arc rate can be
expressed as function of these quantities and is the reciprocal of the
time between arcs.

When an arc occurs, the cover glass is recharged by ions and the
electric field at the triple junction increases. The EFEE process may
start whenever the surface of the conductor feels a strong enough
electric field. The total charging time for each emission site is de-
termined numerically by finding the value of Ve that minimizes

Tchrg =
(Ve - [Varc - (A2/Cfront)]}Cfront

(y«-
exp (1)

This expression assumes that the time during which the neutrals are
ionized is short and therefore can be neglected.

Bias Voltage
The dependence of the arc rate on the bias voltage is obtained by

setting the remaining parameters equal to constants. Equation (1)
suggests the following functional form:

R = I
(2)

At low voltages, the electric field at the triple junction will be
small and the charging time will be dominated by the EFEE term.
Thus, the ion charging time may be neglected. Since the EFEE
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charging time decreases exponentially with increasing Vb, the arc
rate will increase exponentially with Vi,. This exponential depen-
dence gives an effective threshold voltage: the voltage at which the
EFEE charging time is on the order of the experiment time. No arcs
have been observed above —96 V, the operational voltage used in
European spacecraft; therefore, the threshold voltage is above this N

value. The threshold voltage is close to —100 V when the experiment
time is on the order of 100 s.

Material Properties and Cell Area
Under normal conditions, electrons are prevented from leaving a

metal by a potential step at the interface. The height of this step is
the work function. If given sufficient energy, the electrons will es-
cape. Metals with higher work functions will exhibit lower electron
emission from the conductor's surface. Thus, the time needed for
the electric field to run away will be increased with increasing work
function. The work function is included in the Fowler-Nordheim
coefficients in the refee equation. With the arc rate defined as l/rchrg
and the other parameters held constant, the dependence of the arc
rate R on the work function <j>w is given by

R = 1
(3)

The dependence on the work function is more pronounced for
low bias voltages, where the Tion term, c\, may be neglected. The
presence of the work function in the exponential ensures that the
arcing activity will be greater for interconnectors with lower work
functions.

The area of the front surface of the cell will also affect the arcing
rate. The model suggests that the arc rate will vary linearly with the
number of correlated areas encompassed by the cell. Therefore, the
arc rate will be affected by an increase or decrease in the number of
correlated areas. Although the cell area is present in the rion expres-
sion, its effect is canceled by the cell-area factor in the capacitance
of the dielectric front surface. •

Environmental Variables
The semianalytical model predicts that there is a critical ambient

ion flux. If the ion flux is below this value, the electric field created by
the ions deposited on the front surface will not be sufficient to start
the EFEE from the conductor surface. In this case, the ion charging
time Tion .will be greater than the experiment time rexp. Thus, no
arcs will occur during the experiment. The critical ion flux, r/crit,
calculated by setting r-lQn equal to Texp, is given by

AVdropQront
(4)

where A Vdrop is the voltage drop during an arc. For given dielectric
constants, the critical ion flux will vary linearly with this drop. If
the voltage drop varies with the bias voltage, then so will the critical
ion flux. If Tion is less than rexP, a further dependence can be derived
from Eq. (1). Keeping the remaining parameters constant, the arc
rate R is given by R = l/(c0/r, + £1). At very large voltages,
where the EFEE term can be neglected, the expression suggests that
the arc rate varies linearly with ion flux.

The cell temperature and neutral flux onto the side surface de-
termine whether the desorbed neutral density is sufficient to allow
breakdown to occur. For a given cell temperature, there is a critical
neutral flux below which breakdown will not occur. If the ambient
neutral flux is below this value, the surface cannot be recharged dur-
ing the experiment time. Lower cell temperatures result in a larger
number of neutrals on the surface available, and consequently a
lower ambient neutral flux is needed for breakdown to occur. Sim-
ilarly, for a given neutral flux and experiment time, there is a cell
temperature above which not enough neutrals will reside on the sur-
face to allow breakdown. If the arc rates are measured while the
cells are always at the same angle of attack, the neutral flux will
vary with neutral density and with the temperature of the neutrals.
The cells in the S AMPIE were oriented in the ram and in the bay-to-
deep-space orientations. In the ram orientation the flux to the side

surface of the solar cell is only due to neutrals moving with thermal
velocities. Since the experiment was placed in the Shuttle bay, it
will be assumed that the side surface of the cells while in the latter
orientation was also charged only by the thermal flux. Therefore,
these orientations become indistinguishable with respect to the neu-
tral flux. If the temperature of the neutrals is assumed to be constant,
the neutral density and flux become interchangeable parameters in
the data analysis.

Data Analysis of Conventional Silicon Cells and APS A Cells
Because of the anomaly in the HVPS-1 circuit, only one low-

voltage bias sequence and two high-voltage biasing sequences were
executed for the silicon cells. For the APSA cells there was only
one data set taken. The arcing rates are zero at bias voltages below
and including —400 V, and they show a sharp increase at the high
voltages. The limited data preclude a determination of the threshold
voltage, but support the conclusion that for bias voltages above
—400 V, the silicon and APSA cells will arc. Because of the scarcity
of data points, no correlations were found between the arc rate and
the other parameters. Consequently, the arcing data from these cells
were used to make qualitative comparisons with other cells.

Data Analysis of Metal Coupons
The number of data points for the metal coupons was large com-

pared to that for the other cells. One arcing measurement is available
at each voltage of the low-voltage bias sequence. For each of the
metal samples biased at high voltages (—400 and —500 V), two
data points were obtained when the cells were oriented in the ram
direction, and five data points in the bay-to-deep-space orientation.
This large number of data points allowed relationships between the
arc rates and the different environmental variables and operational
parameters to be examined. It is expected that the data from these
coupons will agree very well with the model predictions because of
the close resemblance of the geometry of the coupons to the ge-
ometry assumed by the model. The only difference between the
different coupons is the work function of the metal, which repre-
sents the interconnector in the model. As suggested by the model,
the dependence of the arc rate on the following experimental pa-
rameters was examined:

Parameter Minimum Maximum

Bias voltage, V
Work function, eV
Ion flux, m~2 s"1

Neutral density, m~3

Cell temperature, K

-30
4.26

1.6 xlO1 4

3.7 x 1015

268.1

-500
5.1

2.6 x 1016

2.4 x 1016

288.1

To examine the correlation between the arc rate and a given pa-
rameter, points along the orbit were found where the remaining
parameters were constant (using 5% tolerance for the voltages and
15% for the other quantities). A plot of arc rate vs the parameter
was then generated. The data points showing anomalous high arc
rates, caused by the failure in the HVPS-1 circuit or the concurrent
operation of other experiments in the Shuttle bay, were ignored.

Dependence of Arc Rate on Cell Temperature
The dependence of the arc rate on the cell temperature could not

be determined, owing to the small number of data points as well as
to the limited dynamic range of this parameter, 268-288 K.

Dependence of Arc Rate on Neutral Density and Ion Flux
When the effect of the ion flux or the neutral density was studied,

the other environmental parameters were not held constant, because
the data showed two distinct populations: high values of ion flux
and neutral density when in ram, and low values when in the bay-
to-deep-space orientation. These distinct populations are shown in
Fig. 5. If one of these two parameters was held constant to study
the other, then only one of these populations would show, and no
correlations could be determined.

The neutral flux cannot be determined from the experimental data,
but the neutral density may be calculated from the neutral pressure
if a neutral temperature is assumed. An average neutral temperature
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Fig. 5 Neutral density and ion flux for SAMPIE arcing data for all
voltages.
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Fig. 6 Arc-rate dependence on neutral density at —500 V over all ion
fluxes.

of 1100 K obtained from the MSIS-86 model was used. The neutral
densities calculated from the experimental neutral-pressure mea-
surements yielded values about two orders of magnitude larger than
the ambient density given by MSIS-86. This increase in the den-
sity surrounding the Shuttle has been observed during many Shuttle
experiments and is attributed to nearby thruster firings.

The behavior of the arc rate with respect to neutral density is
shown in Fig. 6. The data suggest that there is a neutral density above
which the arcing activity increases dramatically, about 5x 1015 m~3.
It is expected from the model that for a given cell temperature and
voltage, there will be a critical ambient neutral density above which
arcing will always occur once the EFEE emission has started. These
data support the existence of such a threshold.

The dependence of the arc rate on the ion flux for all the metal
coupons at —400 V is shown in Fig. 7. As expected from the model,
the plot seems to show a critical ion flux above which arcing always
occurs. The figure shows a critical ion flux of about 5 x 1014 m~2 s"1.
The critical flux calculated using Eq. (4), assuming a A Vdrop of 300 V,
was about 2 x 1013 m~2 s"1. To obtain the critical ion flux shown in
the data, the average voltage drop would have to be 1500 V, which
is impossible. The range in the bias voltage was not large enough to
test the linear dependence of the critical flux on the bias voltage, as
hypothesized by the model.

In summary, the experimental data support the existence of a
critical neutral density and ion flux as predicted from the model.
The two distinctive populations shown in Fig. 5 preclude the study
of the arc-rate behavior with respect to only one of these parameters.
Therefore, the dependence of the critical ion flux on the bias voltage
or the agreement of the data with the breakdown criterion predicted
by the model could not be determined. Yet, the experimental data
do show that as both the ion flux and the neutral density increase,
the arc rate increases.
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Fig. 7 Arc-rate dependence on ion flux at —400 V over all neutral
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Fig. 8 Arc rate at points of constant plasma density: neutral density
«2 X 1016 m~3 and cell temperature «268-288 K.

Dependence of Arc Rate on Bias Voltage
The dependence on the bias voltage while keeping plasma den-

sity constant was examined in the ram data, where the bias voltage
ranged from —30 to —500 V. There is a clear correlation between
arc rate and bias voltage, shown in Fig. 8. At the low voltages no
arcing occurs, and beyond the threshold voltage, between — 180 and
—210 V, the arc rate increases dramatically.

The data analysis focused on the determination of the dependence
of the arc rate on this parameter. Because the work functions of
pure silver and aluminum differ by only 0.02 eV, the data for these
coupons were combined to increase the number of data points and
consequently the statistical significance.

The data were fitted using an exponential form and the Cho-
Hastings model form as given by Eq. (2). The fits were done using a
least-squares fit to a nonlinear equation using the gradient expansion
method. Data points indicating anomalous arc counts (above 1000)
were not included in the data fitting. A very low arc count of 84
for the aluminum sample at —500 V was also discarded. When
this data point was included, the Cho-Hastings model fit did not
converge.

The exponential fit is derived from the simple form of the Cho-
Hastings model as given by Eq. (2). When the bias voltage is low,
the exponential term will dominate, and the equation can then be
rewritten as

R = 1
c0exp(ci/V/,) (5)

For the metal coupons, the coefficients c0 and c\ vary only with
the work function, since they include the Fowler-Nordheim coef-
ficients. The exponential fit to the silver-aluminum coupon data at
lower voltages, shown in Fig. 9, yields the following equation:

R =
1

0.005 exp(1152/ Vb)
(silver—aluminum) (6)
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Fig. 9 Exponential fit to Ag-Al combination and scaled curves for Au
and W: ion flux w6.4 x 1015 m~2 s"1, neutral density «2 X 1016 m~3,
and cell temperature «268—288 K.
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Fig. 10 Exponential fit to Ag-Al combination and scaled curves for
oxidized Cu: ion flux wl.6 X 1016 m~2 s"1, neutral density «2 X 1016

m~3, and cell temperature «268—288 K.

This exponential form provides a good fit, but if the average
values of parameters such as ft and 5FN are substituted in the refee
expression, the resulting coefficients c0 and c\ do not match those
obtained from the fit. The coefficients c0 and c\ from the exponential
fit for a given work function (/>w, scaled for a different work function
(/)W2, yield the new coefficients, co2 and c\i, given by

c\

C02 =

(7)

(8)

If the coefficients from the exponential fit to the silver-aluminum
combination are accordingly scaled for the work function of gold,
c/>w = 5.1 eV, and the work function of tungsten, (/>w — 4.55 eV, the
lower curves of Fig. 9 are obtained. Both curves seem to fit the data
well. However, a photograph of the samples taken after the flight
suggests that the silver sample and the copper sample were oxidized.
The work functions of the oxides are shown in Table 2. Note that
the work function of copper oxide is Very close to that of gold,
which may explain the nearly identical arc rates observed for these
coupons. Since the arc rates of the silver and aluminum were very
close, the work function of the aluminum sample was set equal to that
of the silver oxide. Using the new work functions for the oxides, the
scaled curves from the aluminum-silver exponential fit to the other
samples no longer seem to fit the data well. If, on the other hand, the
work function of the pure aluminum or silver is scaled with respect
to that of the oxidized copper sample, the scaled curve, shown in
Fig. 10, fits the copper data well, indicating that the copper oxidized.
The scalings suggest that the silver and aluminum samples may not
have oxidized completely. Another possible explanation is that the
work function of the metal has been changed by the adsorption of

200 300
Bias Voltage,-volts

Fig. 11 Cho-Hastings simple fit to Ag-Al combination and
curve for Au: ion flux «6.4 x 1015 m~2 s"1, neutral density «2
m~~3, and cell temperature W268-288 K.
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Fig. 12 Cho-Hastings simple fit to Ag-Al combination and scaled
curve for ion fluxes: cell temperature «268—288 K.

gas on the surface.13 The effect of the adsorbed gas was not included
in the semianalytical model. The change in $w depends strongly on
the binding state, and for the same combination of gas and solid, one
adsorbing state gives an increase of (/)w, while others give a decrease.
Therefore, it is possible that the aluminum sample did oxidize, but
the adsorbed gas on its surface reduced its work function to a value
close to that of pure aluminum.

The exponential form overpredicts the experimental values at the
high voltages. Therefore, an additional term is needed in the denom-
inator of Eq. (5) to lower the arc-rate values at the high voltages. The
functional form suggested by Eq. (2) contains this additional term
and was also used to fit the data. Using the values of the coefficients
obtained in the exponential fit, a value for the coefficient of the rion
term was found. The resulting fit yielded the following equation and
is shown in Fig. 11:

R =
1

0.005 exp(l 152/ V) + 0.00014Vfc (silver—aluminum)

(9)
This functional form also provides a good fit to the data. Again,

the rion coefficient found cannot be supported physically. The fit and
the curve obtained when the fit is scaled for the gold work function
are shown in Fig. 11.

Although the coefficients are not physically supported, a further
scaling with ion flux was made using this functional form. Equation
(9) may be scaled to allow for the lower ion flux in the bay-to-deep-
space orientation. The only term affected by the ion flux is ti0n, which
is inversely proportional to it. From the S AMPIE diagnostic data, the
ion flux decreased by about two orders of magnitude. Equation (9)
scaled to the maximum and minimum ion fluxes encountered in the
bay-to-deep-space orientation is compared with the experimental
data in Fig. 12. The scaled curves predict the arcing activity at lower
ion fluxes very well.
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Two different functional forms were used to fit the arcing data
from the metal samples. The limited number of data points obtained
at each voltage was not sufficient to determine the equation describ-
ing the relationship between arc rate and bias voltage. The func-
tional forms provided equally good fits. Both the exponential and
the Cho-Hastings model fit show an onset voltage at approximately
— 180 V, which seems to be supported by the data. The coefficients
from these fits cannot be interpreted physically. Yet, as expected
from the model, these coefficients scale with the work function at
the lower voltages and with ion flux at the higher voltages. Since the
coefficients cannot be supported physically, these coefficients can-
not be used to predict the arcing activity of other cells. Yet, when the
semianalytical code is used and parameters such as p and SFN are

chosen randomly from a distribution, the maximum and minimum
arc-rate predictions bound the data very well.

The arcing code was used to predict the arcing activity of the
silver-aluminum combination from Fig. 11. The code was run
100 times with an average ft value of 200, and from these runs, the
maximum, minimum, average, and standard deviations of the pre-
dicted arc rates were calculated. The results are shown in Fig. 13.
At the higher voltages, the experimental data fall outside the one-
standard-deviation error bars. At the lower voltages, below —240 V,
the code predicts the arcing activity very accurately. The maximum
and minimum expected arc rates bound all the experimental data.

Therefore, there are two possible ways to predict the arc rates for
a given cell: to scale the coefficients from fits to this cell under a
different ion flux or with a different interconnector material, or to
use the semianalytical code. The former way is limited in that only
data tabulated from flight experiments could be used, but in a given
flight experiment data would need to be recorded only at a particular
ion flux and the arcing activity at the other fluxes could be calculated
from the observed behavior. The maximum and minimum predic-
tions from the semianalytical code can predict the arcing activity of
most cells under different environmental conditions.

Data Analysis of WTC Cells
As described previously, SAMPIE biased four different sets of

WTC cells. The large SS cells are designated as SS. The set of
modified cells completely sealed with adhesive except for specified
lengths is designated by SSMIN1. SSMIN1,1 refers to the cell with
no adhesive removed, and SSMIN1,4 refers to the cell with 32 mils
removed, SSMIN3 refers to the set of modified cells in which the
overhang length of the cover glass was varied. The cell with no
overhang, used as a control, is designated by SSMIN3,!. The run
number indicates the particular time during the experiment when a
biasing sequence was executed, and the second number indicates the
number of times the run was executed. In some cases, runs using the
same sequence for the same cell are denoted by the same symbol.
Low-voltage runs with zero arc rates at each bias voltage are shown
with an open circle, and the high-voltage runs with an open square.
Almost all of the cells showed no arcing at bias voltages lower than
-300 V.

—o— Silicon Run #33
—•—Silicon Run #48
—•—Silicon Run #54
—o— SS Run #32_1 #42.1 #35_1
—-v--SSRun#46J.
—*— SSRun#S2_l
—0— SS Run #52_2 #<56_2 #46_2
—o— SSMINU Run #38.1
—D—SSMINU Run #58 2
—•— SSNHN3.1 Run #40.1

SSMIN34Run#62_2

100 200 300 400
Bias Voltage,-volts

Fig. 14 Normalized arcing activity of silicon and SS cells.

The flight data obtained for the WTC cells were also limited,
and therefore only qualitative comparisons could be made. For this
reason, all the data were examined as if they were under similar
environmental conditions. This assumption may induce some errors
in the analysis. The WTC cells used as a control in the overhang
study SSMIN3,! arced at a surprisingly low voltage of —240 V. At
the larger bias voltages, the experimental scatter is very wide. In
one run (46), the SS cells arced very little at —600 V, but on another
run (52), the arc count was as large as for the conventional cells
(runs 48, 54). This large scatter suggests that the arcing problem
may not be eliminated by shielding the interconnectors from the
ambient plasma.

If the arc rates for each cell are normalized by the area, as sug-
gested by the conventional geometry model, the arcing activity of
the SS cells and silicon cells can be compared. Normalizing by the
area of the silicon cells, Fig. 14 is obtained. The arcing activity
exhibited by the SS cells is now much lower than that of the silicon
cells, indicating that these cells may indeed have reduced arc rates.

Conclusions
The code based on the Hastings-Cho semianalytical model was

used to simulate the arc rates in the silicon, APS A, and metal sam-
ples biased during the SAMPIE. The environmental parameters used
in these simulations and the data analysis were those recorded dur-
ing the experiment. The plasma density and electron temperature
values obtained from the Langmuir probe during the ram portion
of the experiment did not agree with the values expected from a
moderate-sized probe in a flowing plasma. Both the plasma den-
sities and temperatures were higher than expected. Therefore, cor-
rection factors for the ram orientation were calculated based on the
agreement between the IRI-86 model and ionosonde measurements
performed during the flight. These corrected plasma densities and
temperatures were used for the predictions during the ram portion of
the experiment. The values for these parameters in the bay-to-deep-
space orientation were calculated using the IRI-86 model included
in the EWB software package. In general, the predicted rates for the
SAMPIE modeled accurately the arcing activity at the lower volt-
ages, below —300 V, while it underpredicted the arcing for some of
the metal samples at the higher voltages.

In the data analysis of the SAMPIE, correlations of the arc rate
with material and geometric properties and with environmental and
operational parameters were studied. These correlations helped to
verify the validity of the semianalytical model. The limited data
obtained for the silicon, APS A, and WTC cells allowed only quali-
tative comparisons to be made. The larger number of data points for
the metal coupons allowed a quantitative analysis.

Arcing was observed in the standard silicon, APSA, and WTC
cells and in the metal samples. Assuming that the arc rate varies
linearly with the cell area, the arcing activity in the WTC cells was
much lower than that of the silicon cells. Therefore, even though the
WTC cell design has not completely suppressed arcing, it seems to
have reduced it dramatically.

The dependences of the arc rate on the various parameters
were studied in the metal-coupon data. No dependence on cell
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temperature was supported by the data. This lack of a clear depen-
dence is probably due to the limited range of cell temperatures. The
dependence on the ion flux and neutral density could not be studied
separately, because there were two distinct populations: high values
of ion flux and neutral density while in ram, and low values while in
the bay-to-deep-space orientation. The data support the existence of
a critical neutral density and ion flux, and imply that as both these
parameters increase, the arc rate also increases.

There is a clear dependence between the arc rate and the bias volt-
age. The arc rate is zero for the lower voltages, and at some voltage it
increases sharply. The only difference between the metal coupons is
in the work function of the interconnector material. The model pre-
dicts the arc rate will be lower for interconnectors with higher work
functions and that this behavior will be more pronounced at the
lower voltages where the enhanced-electric-field term dominates.
This predicted behavior is supported by the flight data at voltages
below-270V.

The arc rate as a function of bias voltage was fitted using two
different functional forms. The functional forms were derived from
the model: at the lower voltages, the arc rate is expected to vary ex-
ponentially, and at the higher voltages, where the ion charging time
may no longer be neglected, the data were fitted using a functional
form suggested by Eq. (1). All the functional forms provided good
fits. Note that the two forms showed an onset voltage at approxi-
mately —180 V, which is supported by the data. The coefficients
obtained from the fits suggested by the model could not be inter-
preted physically. Yet, if these coefficients were scaled with respect
to work function or ion flux, they predicted the arcing activity very
well.

Thus, two different methods may be used to predict the arcing
activity for a given solar cell. If experimental data are available for
that cell at a different ion flux or with a different interconnector, the
coefficients of the fitted data may be scaled to predict the arc rates.
The second method is to use the semianalytical code. The code
can predict the arc rates for any conventional cell under varying
environmental conditions. The code predicts the arc rates at the

lower voltages accurately. However, it seems to underpredict the
arc rates at the high voltages for some of the cells.
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